Introduction {#Sec1}
============

Vegetation plays very important role in planetary ecosphere. The existence and the change of vegetation may significantly affect land surface processes and the evolution of terrestrial climate^[@CR1]--[@CR3]^. In atmospheric boundary layer, the interaction between wind and vegetation could have direct or indirect impacts on vegetation. Wind may compel trees to alter their architecture or even break trees^[@CR4],[@CR5]^. Seed dispersal by wind is one of main driving factors for temporal and spatial evolution of vegetation communities^[@CR6],[@CR7]^. More importantly, through exchanging momentum with wind field, vegetation could reduce wind speed near ground and consequently decrease the risk of surface wind erosion^[@CR1],[@CR8],[@CR9]^. Therefore, many studies have been focused on the shear stress partitioning and surface aerodynamic parameters in the cases of rigid roughness^[@CR10]--[@CR13]^ and flexible roughness (plant model or real plant)^[@CR14]--[@CR16]^ to improve the prediction of aeolian flux in the presence of vegetation. In practice, owing to the sheltering effect of vegetation, Straw Checkerboard Barriers have also been employed to control or slow down regional land desertification, through considering the characteristics of turbulent flow, particle motion, and internal erosion form within Straw Checkerboard Barriers^[@CR17]^.

However, uncertainties still exist in estimations of the magnitude of dust events^[@CR18]^ or of the exact location of dust sources^[@CR19]^ in dust forecast models, which possibly originates from the shear stress partitioning model^[@CR20]^. Recent study revealed the uncertainty may increase for very low vegetation density near threshold wind speed^[@CR21]^. This is because vegetation could not only lead to local wind reduction on the leeside^[@CR8],[@CR22]--[@CR25]^, but also result in wind acceleration at the two lateral sides^[@CR23]--[@CR26]^. In fact, the lateral wind acceleration may contribute markedly to fluid-entrained dust from surface for very low vegetation density near threshold wind speed^[@CR21]^. In arid and semi-arid regions, particularly on desert edge, the lateral density of shrub (dominant vegetation type) or shrub cover is typically very low^[@CR23]^. In such case, shrub vegetation stands as a single patch or clump (called as vegetation element hereafter) with various shapes^[@CR23],[@CR27]--[@CR29]^. And, the distance among shrub elements is so large (larger than 15\~20 times of shrub height) that the interaction among elements could be ignored^[@CR23]^. Therefore, theoretical, experimental and numerical methods were employed to investigate wind speed around vegetation element^[@CR8],[@CR23]--[@CR25],[@CR30]--[@CR32]^, particularly for a single shrub element standing at sparsely vegetated land surface in arid and semi-arid regions^[@CR23]--[@CR26]^.

Most studies about wind speed around vegetation focused on wind speed reduction on the leeside because of the role of vegetation in protecting from wind erosion. Raupach^[@CR8]^, Okin^[@CR22]^ and Leenders *et al*.^[@CR24]^ proposed triangular, rectangular and semi-elliptical shapes for "protecting region" (in which wind erosion is reduced or completely disappears) formed by vegetation element, respectively. Raupach^[@CR8]^ ideally supposed that surface wind shear stress within protecting region equals zero, which means there is no erosion. Okin^[@CR22]^ suggested that the shear stress within protecting region was not a fixed value but evolved gradually. Based on experimental data from porous windbreaks^[@CR33]^, he proposed empirical relationship between shear stress and leeward distance (scaled by vegetation height) within protecting region. Leenders *et al*.^[@CR24]^ and Mayaud *et al*.^[@CR25]^ also confirmed the gradual variation of shear stress with downward distance. Based on field observation data, they further developed new empirical relationships which include both vegetation porosity and height. Besides, Cheng *et al*.^[@CR30],[@CR31]^ and Liu *et al*.^[@CR32]^ conducted both wind tunnel experiments and CFD numerical simulations to study the influences of vegetation architecture on wind speed, and proposed an improved empirical relationship which includes vegetation porosity, height and width.

In contrast, the study about wind acceleration at the lateral sides of shrub vegetation is paid less attention, although studies about wind acceleration around other small roughness^[@CR34],[@CR35]^ and trees^[@CR31]^ have been conducted. Ash and Wasson^[@CR26]^ measured wind speeds at the lateral sides of dense shrub by hand-held cup anemometer in field, and they found that the maximum degree of acceleration of wind speed at the side of shrub could be up to 130% (the ratio of measured wind speed versus referring wind speed at a fixed height, called "maximum value of dimensionless resultant horizontal speed" hereafter). They drew out the morphology of wind acceleration zone qualitatively, but missed to describe it quantitatively. Leenders *et al*.^[@CR23],[@CR24]^ proposed an elliptical shape of wind acceleration zone based on their field data. The windward and the lateral axes of the ellipse were, respectively, set to be 0.5 times of *T* (stream-wise thickness of shrub element) and 0.25 times of *W* (frontal width of shrub element). Within this elliptical wind acceleration zone, the mean of dimensionless horizontal speed is 1.06, with the maximum value of 1.12. Fu^[@CR21]^ investigated the impact of wind acceleration on predicted dust release by using these parameters, and found that, in comparison to the area of wind acceleration zone, predicted dust release showed higher sensitivity to values of dimensionless wind speed. Moreover, Mayaud *et al*.^[@CR25]^ showed very weak degree of wind acceleration among their field measurements.

In general, our understanding of wind acceleration at two the lateral sides of single vegetation element is far from enough. From a review of previous studies, there are two questions required to be resolved. The first question is how wind acceleration changes with observation height, and, the second one is whether vegetation shape influences wind acceleration or not. Due to the limitation of the size and the amount of instruments, the resolution of meshing grids for measurements (i.e., the space between neighboring measuring points and the distance from measuring points to vegetation in previous studies mentioned above) isn't high enough. It is thus difficult to obtain more detailed information about wind speed around vegetation from direct field measurements. Therefore, this work aims to solve these two questions partially through numerically modeling wind speed around a single dense shrub (represented by solid roughness of identical size) in atmospheric boundary layer under various conditions.

Materials and Methods {#Sec2}
=====================

The governing equations {#Sec3}
-----------------------

Atmospheric boundary layer is assumed to be neutral. The air flow is considered to be incompressible and Newtonian. The three dimensional RANS equations of mass conservation and momentum conservation are thus given by Eqs ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""})^[@CR36]^, respectively, where, *t*, *x*~*i*~, $\documentclass[12pt]{minimal}
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Turbulence model {#Sec4}
----------------

Turbulence is simulated by standard *k*-*ε* model^[@CR37]^, and standard wall functions are employed^[@CR38]^. The Reynolds stresses are modeled by Eq. ([3](#Equ3){ref-type=""}), where the kinematic turbulent viscosity *ν*~*t*~ is calculated as *ν*~*t*~ = *C*~*μ*~*k*^2^/*ε*. Here, C~μ~ = 0.09, *k* and *ε* are the turbulent kinetic energy and the dissipation rate, respectively. The kinetic energy and the dissipation rate are closed by Eqs ([4](#Equ4){ref-type=""}) and ([5](#Equ5){ref-type=""}), respectively, where *G*~*k*~ is the turbulent kinetic energy production, caused by the product of the Reynolds stress and the rate of strain. Other constants for turbulence model are *C*~1*ε*~ = 1.44, *C*~2*ε*~ = 1.92, *σ*~*k*~ = 1.0 and *σ*~*ε*~ = 1.3.$$\documentclass[12pt]{minimal}
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Simulation domain and vegetation model {#Sec5}
--------------------------------------

All simulations are performed with commercial CFD software ANSYS FLUENT (package version 15.0). Simulation domain and vegetation model are shown in Fig. [1](#Fig1){ref-type="fig"}, where, *x*, *y* and *z* suggest stream-wise, lateral, and vertical directions, respectively. *L*~*x*~, *L*~*y*~ and *L*~*z*~ represent the length, width and height of simulation domain, respectively. As mentioned above, shrub is considered to be dense enough (namely porosity equals zero). So, shrub could be simply modeled as solid roughness. In previous studies^[@CR21],[@CR22]^, shrub element was usually simplified as circular cylinder. However, actual shrub shape should be diverse^[@CR23],[@CR27]--[@CR29]^. And, wind force may compel shrub to alter its shape depending on the flexibility of branches. Therefore, shrub element is assumed to elliptical cylinder which is parameterized by vegetation height *H*, frontal width *W* and stream-wise thickness *T* (Fig. [1](#Fig1){ref-type="fig"}). In order to avoid the scale effect of model size on simulation results^[@CR39]^, the height *H* and the width *W* of vegetation model are set to be 0.5 m and 1.0 m, respectively, based on field observations^[@CR23],[@CR25]^. Thus, the length (*L*~*x*~), the width (*L*~*y*~) and the height (*L*~*z*~) of simulation domain are set to be 50 m, 10 m and 10 m, respectively. Vegetation model is fixed at the distance 20 m downwind from inlet. Structured multi-block mesh is applied, and grids are made finer near both ground surface and vegetation element (Details see Fig. [S1](#MOESM1){ref-type="media"}). The first layer (the minimum grid) near the wall has the height of 0.02 m, and the total number of grids is around 6 × 10^5^. In the cases of modeling flow around vegetation roughness element, the flow is assumed to be steady. The residual criteria of the simulations are set to be 1 × 10^−6^.Figure 1Diagrammatic sketch of simulation domain as well as vegetation model. Right panel: top view of roughness element. *H*, *W* and *T* are vegetation height, frontal width and stream-wise thickness, respectively.

Boundary conditions {#Sec6}
-------------------
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At the inlet, the logarithmic wind profile (Eq. [6a](#Equ6){ref-type=""}) is imposed. *κ* is the von Karman's constant and taken as 0.41, *z*~0~ the aerodynamic surface roughness, and *u*~*\**~ wind shear speed. *z*~0~ is calculated by Eq. [6b](#Equ7){ref-type=""}^[@CR40]^, where *k*~*s*~ is the equivalent Nikuradse roughness and *B*~*rek*~ is a function of the roughness Reynolds number (defined as *Re*~*k*~ = *k*~*s*~*u*~\*~/*ν*) (Eq. [6c](#Equ8){ref-type=""}). A pressure outlet boundary is applied at the outlet. At the inlet *k* and *ε* are defined as $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{u}}}_{\ast }^{3}/({\rm{\kappa }}z)$$\end{document}$, respectively. The turbulent kinetic energy (*k*) and turbulent dissipation rate (*ε*) at the outlet are set to be identical with those at the inlet. A symmetry boundary is imposed at the two lateral sides of simulation domain^[@CR41]^. A non-slip boundary condition is applied to solid-fluid interfaces (at bottom boundary and solid roughness)^[@CR42]^. In this work, the land surface is supposed to be crusted soils consisting of mixed grain size with average diameter *d* = 0.25 mm^[@CR43]^. Thereby, *k*~*s*~ is determined as 2*d*^[@CR44]^. In ANSYS FLUENT, the value of roughness constant *C*~*s*~ is also required apart from *k*~*s*~. A recommended constant value 0.5 is not used here because *C*~*s*~ will change with wind shear speed. Instead, *C*~*s*~ is reversely calculated by combining Eq. [6b](#Equ7){ref-type=""} and formula *k*~*s*~ = 9.793*z*~0~/*C*~*s*~^[@CR45]^. The variation of *C*~*s*~ with shear speed could be found in Fig. [S2](#MOESM1){ref-type="media"}. Because the height of simulation domain is only 10 m (much smaller than the thickness of atmospheric boundary layer^[@CR41]^), the shear speed at upper boundary is set to be *u*~*\**~ (the same value at inlet) as previous study did^[@CR46]^. Consequently, turbulent kinetic energy and turbulent dissipation rate wouldn't change along the length of upper boundary^[@CR47]^.

Verification of numerical method {#Sec7}
--------------------------------

With those settings above, the vertical profiles of time-averaged stream-wise wind speed at different locations downwind from the inlet, in the case of without including vegetation model, were tested (see Fig. [S3](#MOESM1){ref-type="media"}). It could be found that all vertical profiles at different locations almost coincide. The relative variations of wind speed at every height are smaller than 1%. Our settings are thus confirmed to be reasonable and applicable. To further test our numerical method, the measured wind recovery in the lee of an un-vegetated nebkha dune^[@CR48]^ was compared with our simulated results. The nebkha dune has a height (*H*~*dune*~) of 1.16 m (under un-vegetated condition) and a basal diameter of 4.3 m. The reference wind speed, which was measured at 0.4*H*~*dune*~, suggests an incoming shear speed of u~\*~ = 0.45 m/s. Field measurements suggested weak influence of sand motion on leeward wind speed recovery within the range of wind speed from 1.3 to 12.0 m/s at the height of 1.16 m^[@CR48]^. The simulation of wind flow around the dune model here doesn't include the feedback of sand movements for convenience. The total calculation time is 15 s. The fluid time step is 0.001 s. Considering the complexity of rough surface condition in field, the aerodynamic surface roughness *z*~0~ here is taken as 0.0005 m^[@CR49]^. The variation of simulated dimensionless wind speed (the ratio of the wind speed at a stream-wise location versus the wind speed at the reference location at the same observing height) in the lee of the dune is shown in Fig. [2](#Fig2){ref-type="fig"}. It could be found that our simulated results agree well with measurements, apart from the nearest measuring location (relative to the lee of the dune). The discrepancy at the nearest measuring location may be caused by multiple factors. But, the main reason might be the employment of ideal 3D dune shape instead of real dune shape as previous study did^[@CR49]^. Nevertheless, the comparison between simulated results and experimental data indicates that our numerical method could be capable of reproducing the change of leeward wind speed around a low solid roughness element in atmospheric boundary layer.Figure 2Comparison of leeward dimensionless wind speed between field observation and simulation.

Other settings {#Sec8}
--------------

In order to investigate the influences of incoming wind speed, four wind shear speeds (u~\*~ = 0.25, 0.30, 0.40 and 0.50 m/s) are employed. In all simulations, vegetation height is fixed as *H* = 0.5 m. The shape of shrub element is thus parameterized by the ratio of thickness versus width, i.e., *T/W*. For studying the influences of shrub shape, seven values of *T/W* (*T/W* = 0.2, 0.5, 0.8, 1.0, 1.2, 1.5 and 2.0) are employed. Besides, seven observation heights (*z/H* = 0.05, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0) are selected to explore the vertical variations of wind acceleration. In the following, *U(z)*~*xy*~ represents the resultant horizontal speed at location (x, y) in the horizontal plane of height z. *U(z)*~*xy,0*~ and *U(z)*~*xy,max*~ are the speed at the inlet and the maximum speed in the horizontal plane of height z, respectively. *U(z)*~*xy*~/*U(z)*~*xy,0*~ and *U(z)*~*xy,max*~/*U(z)*~*xy,0*~ are the dimensionless wind speed (value larger than 1 suggests wind acceleration) and the maximum dimensionless speed, respectively. The location of the maximum dimensionless speed is jointly determined by the distance *r*~*umax*~ (the distance from the location where the maximum speed occurs to the center of vegetation element) and the azimuth angle *Θ*~*umax*~. A schematic description of *r*~*umax*~ and *Θ*~*umax*~could be found in Fig. [S4](#MOESM1){ref-type="media"}. During calculations of the area of wind acceleration zone, only the region in which dimensionless wind speed is larger than 1.02 is collected in view of possible numerical error. *A*~0~ and *A*~*in*~ represent the basal area of elliptical cylinder and the area of wind acceleration zone, respectively. Finally, the fluid-entrained dust *F*~*vt*~ (μg/s) at fluid threshold is estimated as $\documentclass[12pt]{minimal}
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Results {#Sec9}
=======

Geometrical morphology of wind acceleration zone in horizontal plane {#Sec10}
--------------------------------------------------------------------

This subsection mainly aims to show how wind acceleration zone varies qualitatively. All contour maps in this section are plotted by dimensionless wind speed. The lowest value of dimensionless wind speed is 1.02 and the interval of dimensionless wind speed is 0.04. Figure [3](#Fig3){ref-type="fig"} shows the vertical variations of wind acceleration zone at *u*~*\**~ = 0.5 m/s. It is clear that wind acceleration zone changes with observation height significantly. With the increase of observation height, wind acceleration zone alters from dispersed distribution to continuous distribution, and the morphology of the zone becomes regular gradually. The area of wind acceleration zone increases at first but decreases then with *z/H*. Generally, wind speed gradually decreases with the increase of the distance from a location to the center of vegetation element. The maximum value of dimensionless resultant horizontal speed shows a trend of monotonous decrease with observation height. The change of roughness shape wouldn't alter the two variation laws of wind speed mentioned above. However, roughness shape could affect the area of wind acceleration zone. At *z/H* = 0.05 (Fig. [3a1,b1,c1](#Fig3){ref-type="fig"}), the area increases with the increase of *T/W*. But, at *z/H* = 0.5 (Fig. [3a2,b2,c2](#Fig3){ref-type="fig"}) and *z/H* = 1.0 (Fig. [3a3,b3,c3](#Fig3){ref-type="fig"}), the area decreases at first but increases then with the increase of *T/W*. Moreover, modeling results suggest that the effects of shear speed on wind acceleration zone could be ignored (See details in Fig. [S5](#MOESM1){ref-type="media"} and Table [S1](#MOESM1){ref-type="media"}).Figure 3The vertical variations of wind acceleration zone at u~\*~ = 0.5 m/s for different roughness shapes. The top three panels (a), middle three panels (b) and bottom three panels (c) correspond to *T/W* = 0.2, 1.0 and 2.0, respectively. Numbers 1, 2 and 3 correspond to *z/H* = 0.05, 0.5 and 1.0, respectively.

Maximum horizontal speed and its location {#Sec11}
-----------------------------------------

It reveals that the maximum resultant horizontal speed in wind acceleration zone must increase with incoming wind speed at a fixed height (Fig. [4a](#Fig4){ref-type="fig"}). Figure [4a](#Fig4){ref-type="fig"} also shows that, within roughness height, the maximum resultant horizontal speed increases at first but then slowly decreases with observation height. This variation trend is independent on both incoming wind speed and roughness shape. In contrast, the maximum value of dimensionless resultant horizontal speed shows a distinct variation trend with observation height (Fig. [4b](#Fig4){ref-type="fig"}). It shows that incoming wind speed hardly affects the vertical variation of the maximum dimensionless speed. Nevertheless, the dimensionless speed shows high sensitivity to observation height. At *T/W* = 0.2, the maximum dimensionless horizontal speed changes with observation height in a complex way (decreasing firstly, increasing then, and decreasing finally). But, at *T/W* = 1.0 and *T/W* = 2.0, the dimensionless speed decreases with observation height monotonously. Figure [4c](#Fig4){ref-type="fig"} shows the variation of the distance from the occurrence location of the maximum speed to the center of vegetation element with observation height. It suggests that this distance could be almost independent on observation height, even though a small increase exists. Quantitative analysis reveals that the maximum relative error to averaged value (0.609) among all observation heights is less than 5% at *T/W* = 0.2 (In which the most significant fluctuation happens). It also reveals that the distance increases with the increase of *T/W* (averaged dimensionless distances are 0.514, 0.534 and 0.609). The sensitivity of azimuth angle to observation height seems to be dependent on roughness shape (Fig. [4d](#Fig4){ref-type="fig"}). For a fixed height, the azimuth angle (minus sign suggests its direction is opposite to flow direction) increases with *T/W*. The variation gradient of azimuth angle with height also increases with *T/W*. For example, at *T/W* = 0.2, the azimuth angle hardly change with observation height; but, at *T/W* = 2.0, the differential between the maximum value and the minimum value of azimuth angle could reach 14°. Furthermore, the effects of roughness shape on both the maximum value of dimensionless resultant horizontal speed and its location at *z/H* = 0.05 are quantitatively analyzed (Fig. [5](#Fig5){ref-type="fig"}). Figure [5a](#Fig5){ref-type="fig"} reveals that the maximum dimensionless resultant horizontal speed near surface increases at first but decreases then with *T/W*. Curve fitting by the least square method indicates that the formula, $\documentclass[12pt]{minimal}
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Area of wind acceleration zone and induced dust emission {#Sec12}
--------------------------------------------------------

Figure [6a](#Fig6){ref-type="fig"} shows the vertical variation of dimensionless area (*A*~*in*~/*A*~*0*~) at *T/W* = 0.2 for different incoming wind speeds. Due to the limited impact of incoming wind speed (Fig. [S5](#MOESM1){ref-type="media"} and Table [S1](#MOESM1){ref-type="media"}), the area of wind acceleration zone for a fixed *T/W* in the following is calculated as the mean value of four incoming wind speeds. As pointed out in Section 3.1, dimensionless area increases at first and decreases then with observation height, and the maximum value of dimensionless area occurs around *z/H* = 0.3. Figure [6b](#Fig6){ref-type="fig"} shows that both the area of wind acceleration zone *A*~*in*~ and the dimensionless area *A*~*in*~/*A*~*0*~ at *T/W* = 0.2 for *z/H* = 1.0 are the largest among three cases of *T/W*. For *z/H* = 0.05, although *A*~*in*~ is the smallest at *T/W* = 0.2, however, *A*~*in*~/*A*~*0*~ at *T/W* = 0.2 is still the largest among three cases of *T/W*. This seems to indicate that the efficiency per basal area of roughness element in inducing wind acceleration area at *T/W* = 0.2 is the highest. Figure [6c](#Fig6){ref-type="fig"} shows the variations of both *A*~*in*~ and *A*~*in*~/*A*~0~ with *T/W* near surface (*z/H* = 0.05). It reveals that, *A*~*in*~ grows monotonously with *T/W*, while *A*~*in*~/*A*~0~ decreases at first and increases then with *T/W*. Data analysis suggests that *A*~*in*~ increases with *T/W* exponentially, namely, *A*~*in*~ = 0.966 + 0.021exp(2.56*T*/*W*) (R^2^ \> 0.98); while, the variation of *A*~*in*~/*A*~0~ could be roughly expressed by a parabolic curve, namely, *A*~in~/*A*~0~ = 7.305−9.330*T*/*W* + 3.585(*T*/*W*)^2^ (R^2^ \> 0.85). Although all simulation results are based on the assumption that soil surface is non-erodible, findings here could be applicable at fluid threshold wind. This is because the eroded dust flux at this threshold is so low that the feedback of dust flux to air flow could be ignored. Therefore, dust release around roughness element for different shapes is predicted (Fig. [6d](#Fig6){ref-type="fig"}). Two cases are considered here. In the first case, dust flux is predicted by using the area of wind acceleration zone of a single roughness element (solid square scatters in Fig. [6d](#Fig6){ref-type="fig"}). In the second case, dust flux is predicted by using identical area of wind acceleration zone (solid circle scatters in Fig. [6d](#Fig6){ref-type="fig"}). For convenience, this "identical" area is set to be the same as the area of wind acceleration zone of a single roughness element at *T/W* = 2.0. Figure [6d](#Fig6){ref-type="fig"} shows that the dust flux at threshold wind increases at first and decreases then with the increase of *T/W* for two cases. However, the maximum flux occurs at *T/W* = 1.0 for a single element (the first case), while it occurs at *T/W* = 0.5 for identical area (the second case). This difference is caused by the fact that dust flux is determined by both erodible area and wind speed. Although the area of wind acceleration zone increases with *T/W* (Fig. [6c](#Fig6){ref-type="fig"}), however, the degree of wind acceleration increases at first but decreases then with *T/W* (Fig. [5a](#Fig5){ref-type="fig"}).Figure 6Variations of wind acceleration zone as well as predicted dust flux. Panels (a) and (b): area of wind acceleration zone *A*~*in*~ and dimensionless area *A*~*in*~/*A*~0~ versus observation height; panels (c): *A*~*in*~ and *A*~*in*~/*A*~0~ at *z/H* = 0.05 versus roughness shape *T/W*; panels (d): predicted dust flux *F*~*vt*~ versus roughness shape *T/W*.
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It is a classic issue that fluid flows around a cylinder under different conditions. Field measurements^[@CR23]--[@CR26]^, numerical simulations^[@CR30],[@CR34]^ and wind tunnel measurements^[@CR14],[@CR30],[@CR31]^ have detected the wind acceleration around vegetation element. However, a systematic study on wind acceleration zone around vegetation element in atmospheric boundary layer is still missing. In the following, based on our simulation results, three aspects (the maximum value of dimensionless resultant horizontal speed, the area of wind acceleration zone and erosion flux in wind acceleration zone) are simply discussed.

In the study of Ash and Wasson^[@CR26]^, reported maximum value of dimensionless resultant horizontal speed could be up to 1.3, which is much higher than the value 1.12 given by Leenders *et al*.^[@CR23],[@CR24]^ and the finding from Mayaud *et al*.^[@CR25]^. The reported distance *r*~*umax*~/*W* and the azimuth angle *Θ*~*umax*~ by Ash and Wasson^[@CR26]^ are roughly 0.7 (about ranging from 0.6\~0.8) and −80°, respectively. The distance *r*~*umax*~/*W* and the azimuth angle *Θ*~*umax*~ by Leenders *et al*.^[@CR24]^ are 0.75 and −90 °, respectively. These disagreements among field observations could be explained from three points on the basis of our results. The first point is the difference in vegetation architecture. The vegetation element in Ash and Wasson^[@CR26]^ is dense shrub, which suggests the porosity could be roughly zero. In the studies of Leenders *et al*.^[@CR23],[@CR24]^ and Mayaud *et al*.^[@CR25]^, vegetation is porous (porosity ranging from 0.3 to 0.7). In our simulations, vegetation is modeled as solid roughness, which makes our results close to the study of Ash and Wasson^[@CR26]^. The second one is the difference in observation height. Our reported maximum value of dimensionless resultant horizontal speed near surface locates from 1.38 to 1.67 when *T/W* ranges from 0.2 to 2.0 (Fig. [5a](#Fig5){ref-type="fig"}), which is a little higher than Ash and Wasson^[@CR26]^ but much larger than both Leenders *et al*.^[@CR23],[@CR24]^ and Mayaud *et al*.^[@CR25]^. This is because the maximum value of dimensionless resultant horizontal speed at a fixed location (x, y) decreases along with observation height (Fig. [4b](#Fig4){ref-type="fig"}). In the study of Leenders *et al*.^[@CR23],[@CR24]^, observation heights (*z/H*) for two kinds of shrub are 0.24, 0.34, 0.45 and 0.67, respectively. In the study of Mayaud *et al*.^[@CR25]^, observation heights (*z/H*) concentrates between 0.4\~0.6, apart from one height *z/H* = 0.24. Hence, the combination of observation height and architecture may be the main reason why their reported values are much lower. Although we couldn't make sure the actual observation height in Ash and Wasson^[@CR26]^, however, we might infer their measuring height (*z/H*) locating within 0.1\~0.3 (referring to Fig. [4b](#Fig4){ref-type="fig"}). The last one is the difference in vegetation shape. Our results show vegetation shape could affect the maximum value of dimensionless resultant horizontal speed remarkably (Figs [4](#Fig4){ref-type="fig"} and [5a](#Fig5){ref-type="fig"}). Vegetation element is usually considered to be circular cylinder in theoretical studies, but actual shape may be diverse. Because of the flexibility of branches, vegetation architecture (or shape) may be compelled (most likely) from large *T/W* to small *T/W* by wind force^[@CR51]^. Difference in shrub types and growth stages could result in different flexibilities, which thus increases the diversity or the uncertainty in final deformed shape of vegetation. It should be reminded that all results shown here are based on the assumption that wind direction is parallel or perpendicular to the major axis of elliptical roughness basal shape. The incident angle of flow (or the orientation of roughness element) could affect the flow field around roughness^[@CR52],[@CR53]^. Therefore, the influence of flow incident angle on wind acceleration zone should be focused in the future once *T/W* doesn't equal 1. Besides, although the location where the maximum speed occurs would be affected by observation height (Fig. [4c,d](#Fig4){ref-type="fig"}) and vegetation shape (Fig. [5b](#Fig5){ref-type="fig"}), however, the effect of vegetation porosity on the location is still unclear. In view of that published azimuth angles (*Θ*~*umax*~) are well located within the range of our results and only the published distances (*r*~*umax*~/*W*) are larger than our results, we infer that the spatial distribution of measuring points is the main reason for the disagreement in the location between measurements and our results.

Our results indicate that the morphology of wind acceleration zone change with both observation height and vegetation shape (Figs [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). However, the morphology could not describe by familiar and simple geometrical shape directly, which results in difficulty in applications, for example, the calculation of the area of wind acceleration zero. Leenders *et al*.^[@CR24]^ proposed an elliptical shape of wind acceleration zone, which makes it easy to calculate the acceleration area by using semi-major axis and semi-minor axis. However, the proposal didn't include the vertical variation of wind acceleration zone, which is inconsistent with our results (Fig. [6](#Fig6){ref-type="fig"}). The proposal of Leenders *et al*.^[@CR24]^ suggests that the ratio of total wind acceleration area versus the basal area of vegetation element equals 1. Our results reveal that the ratio of total acceleration area versus basal area near surface is larger than 1.5 in all cases of *T/W*, and it varies with *T/W* in a nonlinear law (Fig. [6c](#Fig6){ref-type="fig"}). This difference might be caused by vegetation architecture. The vegetation model here is dense, while the vegetation in Leenders *et al*.^[@CR24]^ is porous. Nevertheless, it is still unclear that how the porosity of vegetation element affects wind acceleration. Further research could therefore focus on quantifying the effect of porosity.

The measured maximum value of dimensionless resultant horizontal speed and the proposed area of wind acceleration zone in Leenders *et al*.^[@CR23],[@CR24]^ are lower than our results. The estimated dust flux at threshold wind should thus be smaller than our results. In detail, if *W* = 1 m, the estimated dust flux for a single element is 1\~2 orders of magnitude (17\~98 times) higher than that predicted by the proposal of Leenders *et al*.^[@CR24]^, when *T/W* ranges from 0.2 to 2.0. This suggests that the importance of vegetation architecture in the interaction between vegetation and air flow in atmospheric boundary layer. It also indicates that wind acceleration induced by dense vegetation could be an important reason for uncertainty in dust forecast model^[@CR21]^. However, the factors that control the threshold wind speed of dust release are diverse^[@CR1],[@CR2]^. For example, soil moisture is one of the most important factors for dust entrainment threshold^[@CR54]--[@CR56]^. Moisture should therefore be considered for estimating dust release in very sparsely vegetated land by applying our findings.

In conclusion, the flow field around a single low solid roughness element (representing dense shrub vegetation) in atmospheric boundary layer was numerically investigated, with emphasizing the wind acceleration zone located at two the lateral sides. The soil surface was assumed to be non-erodible and consisting of mixed grain size. The maximum value of dimensionless resultant horizontal speed, the morphology and the area of wind acceleration zone were systematically studied. The effects of observation height and vegetation shape (*T/W*) were investigated. The maximum value of dimensionless resultant horizontal speed decreases monotonously with observation height, and the maximum dimensionless speed near surface (*z/H* = 0.05) increases at first but decreases then with the increase of *T/W*. For a fixed *T/W*, the distance from occurrence location of maximum dimensionless speed to vegetation center is almost independent on observation height, but the azimuth angle alters with observation height (depending on *T/W*). The occurrence location (both the distance and the azimuth angle) of maximum dimensionless speed near surface changes with *T/W*. For a single vegetation element, the morphology of wind acceleration zone varies with *T/W* and observation height. The area of wind acceleration zone increases at first but decreases then with observation height. And, the area near surface increases with *T/W* monotonously, while the dimensionless area (the ratio of total wind acceleration area versus basal area of vegetation element) near surface decreases at first but increases then with *T/W*. These findings could well explain the disagreement among previous field observations. However, this piece of work is a theoretical and fundamental study for ideal roughness shape. Investigations on wind acceleration with a specific shape of real shrub could be more conducive in practice for field cases. Besides, comparisons and discussion above suggest two limitations of current study on wind acceleration zone around vegetation element. One is the effect of the vegetation porosity; the other is the flow incident angle (or roughness orientation). Their quantitative impacts on wind acceleration should be investigated in the future. Finally, it is hoped that our findings could be helpful to improve our understanding of aeolian transport in sparsely vegetated land in arid and semi-arid region, and wind dispersals of seeds and pollens from shrub vegetation.
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